1. Introduction {#sec1}
===============

Aging, a spontaneous and complex process with the passage of time, is one of the most important risk factors for increasing susceptibility to multiple diseases [@bib1]. It involves much morphological and functional deterioration in biological systems, which are associated with various molecular, cellular, and organic changes [@bib2]. Aging features a progressive accumulation of oxidative agents associated with decreased efficiency of antioxidant defense mechanisms. Related to this is a progressive decrease in immune activity or immune senescence. As animals age, their mitochondrial function and thus cellular metabolism systematically decline, leading to a loss of cellular homeostasis and the occurrence of multiple disorders [@bib3], [@bib4]. Thus, a number of efforts have been made to elucidate the mechanisms of the processes of aging and to discover new compounds that retain antiaging activities.

Ginseng (*Panax ginseng* Meyer, Araliaceous) is an important medicinal herb that has long been used to treat various diseases in Asian countries (i.e., Korea, China, and Japan) [@bib5]. Among several kinds of *P. ginseng* products, red ginseng, produced by steaming and drying fresh ginseng, is a main active ginseng. During this process, ginsenosides undergo chemical changes that have the potential to create special physiologic activities *in vivo* [@bib6]. This is known to have various physiological activities, including---but not limited to---antioxidant, anticancer, tonic, and antiaging effects. Red ginseng improved learning and memory of the mice [@bib7], and Korean Red Ginseng tonic extended the life span of *Drosophila melanogaster* [@bib8]. However, there is very limited information on the proteomic mechanisms underlying the antiaging effect and life span extension of red ginseng on *D. melanogaster* or other animal models, because existing studies have primarily focused on pharmacology and/or pharmacodynamics association studies [@bib9], [@bib10].

In this study, *D. melanogaster*, an internationally recognized model for studying life span that is widely used in antiaging medical research, was used to elucidate this issue *in vivo*. A proteomic approach of two-dimensional polyacrylamide gel electrophoresis (2-DE) was used to investigate changes in age-related specific indicators and relative abundance of proteins in expression caused by feeding with red ginseng extract (RGE). Our findings could be helpful in revealing the mechanisms and addressing biological questions underlying the effects of red ginseng on life span and antiaging.

2. Materials and methods {#sec2}
========================

2.1. Plant materials and reagents {#sec2.1}
---------------------------------

Fresh ginseng (6 yr) was obtained from Jilin City, Jilin Province, China. Red ginseng and its extract (RGE) were processed and provided by the Medicinal Plant Analysis laboratory of the Institute of Special Animal and Plant Sciences, Chinese Academy of Agricultural Sciences (Jilin, China), according to the national standard of China (Technical specifications for red ginseng processing, NO. NY/T 2784-2015). The panaxoside content ([Fig. 1](#fig1){ref-type="fig"}, [Table S1](#appsec1){ref-type="sec"}) in the RGE was determined as previously described [@bib11], using high-performance liquid chromatography, as follows (all in mg/g): Rb1 30.13, Rb2 14.67, Rb3 8.23, Rc 20.45, Rd 15.57, Re 16.44, Rf 1.83, Rg1 4.47, Rg2(s) 1.96, Rg2(r) 0.42, Rg3(s) 2.06, Rg3(r) 1.18, Rg5 3.31, Rk1 1.07, and Ro 4.09.Fig. 1Panaxoside content of red ginseng extract (RGE) determined by high-performance liquid chromatography (HPLC). (A) HPLC chromatogram of ginseng saponin standard. (B) HPLC chromatogram of RGE.Fig. 1

Urea, 3-\[(3-cholamidopropyl)dimethylammonio\]propanesulfonate (CHAPS), Pharmalyte, dithiothreitol (DTT), and iodoacetamide were obtained from AMRESCO (Solon, OH, USA). ReadyPrep 2-D cleanup kit and reagents used for 2 DE and Western blotting were purchased from Bio-Rad (Richmond, CA, USA). The primary antibodies for Western blotting included rabbit anti-14-3-3 zeta (1433Z) polyclonal antibody, rabbit antivacuolar-type H(+)-ATPase (VATA) polyclonal antibody, rabbit antiheat-shock protein 70 (HSP70) polyclonal antibody, rabbit antiglycerol-3-phosphate dehydrogenase (GPDA) polyclonal antibody, mouse antiubiquitin carboxyl-terminal hydrolase isozyme L1 (UCHL1) monoclonal antibody mouse antifructose-bisphosphate aldolase (ALF) monoclonal antibody, and mouse antiglyceraldehyde-3-phosphate dehydrogenase (GAPDH) monoclonal antibody (dilution 1:1000; Proteintech, Chicago, IL, USA). The secondary antibody used in this study was horseradish peroxidase-conjugated goat antirabbit/mouse IgG (dilution 1:2,000; Proteintech).

2.2. Life span analysis of *D. melanogaster* {#sec2.2}
--------------------------------------------

Wild type *D. melanogaster* (Oregon K) was a gift from Jilin Agricultural University and was used throughout the experiment. Single populations (200 flies each) of males were housed in a biochemical incubator with 12-h dark/light cycle at 25°C, 60% humidity, and with free access to basal food (water, 1.2% agar, 2.2% sucrose, 1.8% yeast extra powder, 8% corn extract, and 6.25 μL/L propionic acid). For RGE treatment, basal food was supplemented with RGE at a final w/v concentration of 1 mg/mL optimized by our previous study (unpublished). The food was changed every 2--3 d.

To examine the effects of RGE on the life span of flies, survival was observed and documented at 8:00 [p.m]{.smallcaps}. when transferring to fresh basal food or basal food supplemented with RGE every 2--3 d. Survivorships were scored regularly and eliminated the unnatural death flies, and death flies were removed out of the cage when possible. Prism 5 (GraphPad Software Inc., San Diego, CA, USA) was used for data analysis, and statistical significance was tested with log-rank statistical methods. Mean (average value of all values) and maximum (average values of the last 20 dead flies) values were presented to compare results.

2.3. Methane dicarboxylic aldehyde and superoxide dismutase assessment in whole tissue {#sec2.3}
--------------------------------------------------------------------------------------

Flies of wild type and RGE-treated groups were anesthetized and collected at the age of 21 d. Flies (whole tissue) were homogenized and centrifuged at 4,000*g* for 10 min. Supernatants were collected gently and kept at −80°C until analysis measurements.

The extent of lipid peroxidation in whole tissue was estimated by measurement of methane dicarboxylic aldehyde (MDA) formation [@bib12]. The MDA assay was performed using an MDA kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) following the manufacturer\'s instructions. In brief, 0.2 mL thiobarbituric acid and antioxidant reagents were respectively pipetted into a microcentrifuge tube containing 0.1 mL of wild type or RGE-treated homogenate and MDA standard solution. Tubes were vortexed and then incubated at 95°C for 40 min and centrifuged at 4,000*g* for 10 min. Then, 0.3 mL of the supernatant from each of the tubes was transferred to the quartz sampling cell, and the absorbance was measured at 532 nm using a spectrophotometer (NanoDrop Lite; Thermo-Fisher, Waltham, MA, USA). The content of MDA was expressed as nmol MDA/mg homogenate protein. The total protein concentration was determined by the Bradford method, using bovine serum albumin as the standard.

Whole tissue total superoxide dismutase (SOD) activity was measured using enzyme-linked immunosorbent assay kits (Nanjing Jiancheng Bioengineering Institute, China) according to the manufacturer\'s instructions. Briefly, 0.1 mL of whole tissue homogenate was mixed with 0.9 mL of physiological saline (0.9% NaCl), and then 0.1 mL of 15mM pyrogallic acid was added. The activity was measured at 420 nm for 3 min using a multidetection microplate reader (Infinite 200; Tecan, Männedorf, Switzerland) and expressed as U/mg protein. One unit was determined as the amount of enzyme that inhibited the oxidation of pyrogallic acid by 50%. Experiments for MDA content and SOD activity were performed in triplicate in this study.

2.4. Sample preparation and protein extraction {#sec2.4}
----------------------------------------------

Both wild type and RGE-treated *D. melanogaster* (21 d old, about 20 flies each) were resuspended in 600 μL lysis buffer (7M Urea, 2M Thiourea, 4% CHAPS, and 1% phenylmethylsulfonyl fluoride (PMSF)). Bullet Blender (Next Advance, Averill Park, NY, USA) was used to break the tissue as described previously [@bib13]. Supernatants were collected after sharking in ice for 2 h and centrifugation at 12,000*g* at 4°C for 10 min. Concentrations of proteins were detected using the *RC DC* Protein Assay (Bio-Rad, Hercules, CA, USA). The protein samples were purified using the 2D Cleanup kit (Bio-Rad, Hercules, CA, USA) following the manufacturer\'s instructions. Experiments in this study were performed in triplicate gels (*n* = 3).

2.5. Two-dimensional gel electrophoresis {#sec2.5}
----------------------------------------

Proteins (both wild type and RGE-treated) were first separated with isoelectric focusing using linear precast immobilized pH gradient (IPG) strips (17 cm, 3--10 linear pH gradients; Bio-Rad, Hercules, CA, USA). IPG strips with 1.2 mg of proteins were rehydrated for 12 h and focused at 15,000 Vhs (Bio-Rad, Hercules, CA, USA). First-dimension strips were stored at −80°C or equilibrated immediately in first equilibration solution \[75nM Tris--HCL, pH 8.8, 6M urea, 2M thiourea, 30% glycerol, 2% sodium dodecyl sulfate (SDS), and 0.002% bromophenol blue\] with 100mM DTT for 15 min, followed by the second equilibration with 250mM iodoacetamide for 15 min. 2-DE was performed using 12.5% polyacrylamide gels at 90 V for 30 min and 140 V for 4--5 h at 20°C in Bio-Rad systems (Bio-Rad, Hercules, CA, USA).

2.6. Staining and image analysis {#sec2.6}
--------------------------------

Gels (six in total) were stained using Pierce Silver Stain Kit (Thermo Fisher, MA, USA) as per the manufacturer\'s instructions. The stained gels were scanned using an image scanner (UMAX, Dallas, TX, USA) at 600 dpi. All detected spots were automatically matched by gel-to-gel comparison using the PDquest software version 8.0 (Bio-Rad, Hercules, CA, USA). Areas of all detected spots were normalized. Those protein spots with reproducible and statistically significant changes in abundance were considered to be differentially expressed. Only those spots with quantitative changes \>1.5-fold in abundance, *p* value \< 0.05, were considered for subsequent analyses.

2.7. Mass spectrometry and database search {#sec2.7}
------------------------------------------

Protein spots were manually excised from the preparative gel, digested with trypsin, and analyzed using matrix-assisted laser desorption/ionization-time of flight tandem mass spectrometry (MALDI-TOF MS/MS) with a 4700 Proteomics Analyzer (Applied Biosystems, Foster City, CA, USA). The peptide mass fingerprint was analyzed with GPS (Applied Biosystems) MASCOT (Matrix Science, London, UK). The identified proteins were named according to the corresponding annotations in the National Center for Biotechnology (NCBI, <http://www.ncbi.nlm.nih.gov/>) and/or Universal Protein Resource (Uniprot, <http://www.uniprot.org/>). For proteins without functional annotation in the databases, homologs of these proteins were searched against the NCBI nonredundant protein database with BLASTP (<http://blast.ncbi.nlm.nih.gov/>) to annotate these identities. The experimental molecular mass of each protein spot was estimated by comparison with molecular weight standards, whereas the experimental isoelectric point (p*I*) was determined by the migration of protein spots on linear IPG strips.

2.8. Bioinformatics analysis {#sec2.8}
----------------------------

Functional annotation analysis was performed for up-regulated and down-regulated differentially expressed proteins using STRING (version 10.0) (<http://string-db.org/>). The associated Gene Ontology (GO) terms (i.e., molecular function, biological process, and cell component) were annotated based on the database. Additionally, to further investigate the signaling pathways of the identified proteins, protein--protein interactions analyzed by available experimental evidence, and statistical enrichment tests were carried out for Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway annotations.

2.9. Validation by Western blotting {#sec2.9}
-----------------------------------

Six differentially expressed proteins (VATA, GPDA, HSP70, 1433Z, ALF, and UCHL1) were randomly selected for further verification using Western blotting. Total protein from both wild type and RGE-treated flies were extracted using lysis buffer and concentrations determined (as described above). Equal amounts of proteins (40--50 μg) were resolved on 12% polyacrylamide--SDS gels and transferred to polyvinylidene difluoride membranes (Millipore, Bedford, MA, USA) using standard methods blocked with 5% (w/v) nonfat dry milk (NFDM; BD Biosciences, San Diego, CA, USA) freshly made in TBS-T \[Tween-Tris buffered saline: 0.1% Tween-20 in 100mM Tris--HCL (pH 7.5), 0.9% NaCl\], rock on a rotating shaker for 2 h at room temperature or overnight at 4°C. The membranes were probed with specific primary antibodies (dilution 1:1,000 in TBS-T/1% NFDM) for 2 h at room temperature or overnight at 4°C, washed three times of 15 min each with TBS-T, and then incubated for an additional 1.5 h with horseradish-peroxidase-conjugated secondary antibodies (dilution 1:2000 in TBS-T/1% NFDM) at 37°C. The levels of selected proteins were visualized using an ECL system (GE Healthcare, Waukesha, WI, USA). The Western blots were performed in triplicate, and the target protein bands were quantified by scanning densitometry using Image J (version 1.50) (National Institutes of Health, MD, USA) processing software and normalized to the signal intensity of GAPDH.

2.10. Statistical analysis {#sec2.10}
--------------------------

Values in the figures are expressed as the mean ± standard deviation. Statistical analysis was carried out with three replicates for proteomic and biochemical analyses. The results of the spot intensities and physiological data were analyzed using Student *t* test to determine the significant difference between group means. A *p* value \<0.05 was considered statistically significant (SPSS for Windows, version 12.0; SPSS Inc., Chicago, IL, USA).

3. Results {#sec3}
==========

3.1. Effects of life span extension and antioxidant index induced by RGE in *D. melanogaster* {#sec3.1}
---------------------------------------------------------------------------------------------

In this study, 200 males (20 flies per cage) of wild type and RGE-treated flies were used for longevity screening. RGE extended *D. melanogaster* life span and generated significantly lower mortality in older population groups ([Fig. 2](#fig2){ref-type="fig"}A). All wild type flies had died by Day 84, whereas the RGE-treated flies survived until Day 94 ([Fig. 2](#fig2){ref-type="fig"}A). RGE-treated flies showed significantly higher mean and maximum longevities compared with wild type flies (*p* \< 0.01). In comparison to the wild type, RGE-treated flies had a 12.60% and 11.90% increase in mean and maximum life span, respectively.Fig. 2Effects on life span, superoxide dismutase (SOD) level and methane dicarboxylic aldehyde (MDA) content in *Drosophila melanogaster* treated with or without red ginseng extract (RGE). (A) Life span curves of male flies feed with RGE. Wild type (circles): mean survival life span, 71.67 d; maximum life span, 79.8 d; RGE-treated (squares): mean survival life span, 80.7 d; maximum life span 93.8 d. In comparison to the wild type, RGE-treated flies had a 12.60% and 11.90% increase in mean and maximum life span, respectively. Life span curve was constructed with Prism 5 software and statistical significance was determined with log-rank test. Bar graphs of average level of SOD and average content of MDA were repeated three times and analyzed by Student *t* test. (B) Average level of SOD. (C) Average content of MDA. Data in this figure are shown as mean ± standard deviation. Statistical significance: \*\**p* \< 0.01 (RGE-treated vs. wild type).Fig. 2

In addition, the SOD level and the MDA content were highly significantly changed by RGE treatment. Total SOD enzyme activity (U/mg protein) was significantly increased in RGE-treated flies (*p* \< 0.01) compared to the wild type ([Fig. 2](#fig2){ref-type="fig"}B), whereas the MDA content (nmol/mg protein) was significantly lower in RGE-treated flies (*p* \< 0.01) compared to wild type flies ([Fig. 2](#fig2){ref-type="fig"}C).

3.2. Proteomic analysis of wild type and RGE-treated *D. melanogaster* {#sec3.2}
----------------------------------------------------------------------

A 2-DE-based comparative proteomics analysis was performed to investigate the possible target-related proteins of RGE in *D. melanogaster*. Extracted proteins were separated by using SDS polyacrylamide gel electrophoresis (SDS--PAGE) to detect the quality of protein extraction ([Fig. 3](#fig3){ref-type="fig"}A). The proteins were further separated by using 2-DE and silver stained to evaluate their relative abundance levels by analyzing all protein spots from three independent replicates using an imaging software ([Fig. 3](#fig3){ref-type="fig"}B and C). Among the 65 differentially abundant protein spots on the 2-DE gels, 38 spots were successfully identified by using MALDI-TOF MS/MS ([Table S2](#appsec1){ref-type="sec"}). Based on the information found in the NCBI, Uniprot, and GO protein databases, 23 (16 up-regulated and 7 down-regulated) differentially accumulated protein spots were identified as related to RGE treatment ([Fig. 3](#fig3){ref-type="fig"}D; [Table 1](#tbl1){ref-type="table"}).Fig. 3Proteome maps (two-dimensional polyacrylamide gel electrophoresis images; representative of six gels) of wild type and red ginseng extract (RGE)-treated *Drosophila melanogaster*. (A) Coomassie Brilliant Blue-stained gels of protein extracts from wild type (left) and RGE-treated (right) flies. Proteins (40 μg in total) were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) to detect the quality of extracted protein. Silver stained gels (*n* = 3) of extracted protein: (B) Wild type flies. (C) RGE-treated flies. Proteins (1.2 mg) were resolved in 17 cm linear, immobilized pH (3--10) gradient gels and then separated by 12.5% SDS--PAGE. All spots were matched and normalized by gel-to-gel comparison using the PDquest software version 8.0 (Bio-Rad, Hercules, CA, USA), and only those spots with reproducible changes (quantitative changes \> 1.5-fold in abundance, *p* \< 0.05) were considered for subsequent analyses. (D) Spot numbers indicated on the master gel are differentially expressed proteins related to RGE treatment that were subjected to matrix-assisted laser desorption/ionization-time of flight/time of flight mass spectrometry. IEF, isoelectrofocusing.Fig. 3Table 1Protein identifications of differentially expressed proteins using MALDI-TOF MS/MSTable 1EntryAccession no.Protein nameScoreMass ku/p*I*Molecular functionChange1[Q9VN95](ncbi-p:Q9VN95){#intref0030}Enolase-phosphatase E1 (ENOPH)15954.6/8.68Acireductone synthase activityIncrease2[P29310](ncbi-p:P29310){#intref0035}14-3-3 protein zeta (1433Z)10028.3/4.77Protein heterodimerization activityIncrease3[P07764](ncbi-p:P07764){#intref0040}Fructose-bisphosphate aldolase (ALF)24545.8/7.08Fructose-bisphosphate aldolase activityIncrease4[P35122](ncbi-p:P35122){#intref0045}Ubiquitin carboxyl-terminal hydrolase (Uch; also named UCHL1)80100.0/9.37Thiol-dependent ubiquitin-specific protease activityIncrease5[P13395](ncbi-p:P13395){#intref0050}Spectrin alpha chain (SPTCA)85481.2/6.02Actin bindingIncrease6[P84029](ncbi-p:P84029){#intref0055}Cytochrome c-2 (CYC2)71545.6/9.47Electron carrier activityIncrease7[P83967](ncbi-p:P83967){#intref0060}Actin, indirect flight muscle (ACT6)62842.1/5.29Structural constituent of cytoskeletonIncrease8[P02574](ncbi-p:P02574){#intref0065}Actin, larval muscle (ACT4)58042.2/5.3Structural constituent of cytoskeletonIncrease9[P48610](ncbi-p:P48610){#intref0070}Arginine kinase (KARG)12240.1/6.04Arginine kinase activityIncrease10[P48611](ncbi-p:P48611){#intref0075}6-Pyruvoyl tetrahydrobiopterin synthase (PTPS)8120.1/6.076-Pyruvoyltetrahydropterin synthase activityIncrease11[P29844](ncbi-p:P29844){#intref0080}Heat shock 70 kDa protein (HSP70)58672.3/5.22ATP bindingIncrease12[Q27331](ncbi-p:Q27331){#intref0085}V-type proton ATPase catalytic subunit A (VATA)46468.5/5.23Proton-transporting ATPase activityIncrease13[Q94511](ncbi-p:Q94511){#intref0090}NADH-ubiquinone oxidoreductase 75 kDa subunit, mitochondrial (NDUS1)13579.5/6.43Metal ion bindingIncrease14[P53501](ncbi-p:P53501){#intref0095}Actin-57B (ACT3)12842.2/5.23Structural constituent of cytoskeletonIncrease15[P13706](ncbi-p:P13706){#intref0100}Glycerol-3-phosphate dehydrogenase \[NAD(+)\], cytoplasmic (GPDA)39639.2/6.17NAD bindingDecrease16[Q9VWH4](ncbi-p:Q9VWH4){#intref0105}Probable isocitrate dehydrogenase \[NAD\] subunit alpha, mitochondrial (IDH3A)20238.9/6.96Isocitrate dehydrogenase (NAD+) activityDecrease17[Q9W0T1](ncbi-p:Q9W0T1){#intref0110}Nucleosome-remodeling factor subunit NURF301 (NU301) gene E(bx)29132.7/5.58Ligand-dependent nuclear receptor bindingDecrease18[P10981](ncbi-p:P10981){#intref0115}Actin-87E (ACT5)16338.2/5.36ATP bindingDecrease19[P00334](ncbi-p:P00334){#intref0120}Alcohol dehydrogenase (ADH)18757.3/6.37Protein homodimerization activityDecrease20[Q9VPH2](ncbi-p:Q9VPH2){#intref0125}DNA primase large subunit (PRI2)7865.5/6.38DNA primase activityDecrease21[Q9V3R1](ncbi-p:Q9V3R1){#intref0130}Accessory gland protein Acp36DE (A36DE)67684.5/9.18Hormone activityDecrease22[P08171](ncbi-p:P08171){#intref0135}Esterase-6 (EST6)8861.9/5.78Carboxylic ester hydrolase activityDecrease23[Q9VA73](ncbi-p:Q9VA73){#intref0140}Calcium binding protein 1 (CABP1)21721.5/4.71Calcium ion bindingDecrease[^1][^2]

3.3. Functional classification of the differentially expressed proteins {#sec3.3}
-----------------------------------------------------------------------

To investigate the function roles of RGE in *D. melanogaster*, the altered proteins were subjected to GO-based enrichment analysis using STRING version 10.0 ([Table S3](#appsec1){ref-type="sec"}). The most significantly enriched terms in each GO category were included for "biological process," "cell component," and "molecular function" ([Fig. 4](#fig4){ref-type="fig"}). The biological process category showed that most proteins were associated with small molecule metabolic process (*p* = 1.56 × 10^−7^), nucleotide metabolic process (*p* = 1.69 × 10^−5^), and cytoskeleton organization (*p* = 1.98 × 10^−5^). In addition, most of the differentially expressed metabolic related-proteins (such as CYC2, 1433Z, GPDH, VATA, and ND75) were found to be up-regulated in RGE-treated *D. melanogaster*. The "cell component" annotation revealed a major spectrum of organelle part (*p* = 3.53 × 10^−9^), actin filament (5.14 × 10^−9^), and cytoskeletal part (2.21 × 10^−8^). Proteins that participated in the "molecular function" were related to the structural constituent of cytoskeleton (*p* = 2.72 × 10^−7^), oxidoreductase activity (*p* = 1.51 × 10^−4^), and catalytic activity (*p* = 2.25 × 10^−4^). Most proteins enriched within these GO terms were up-regulated in the RGE-treated *D. melanogaster* compared to the wild type.Fig. 4Gene Ontology (GO) term annotation analysis of the proteins altered by red ginseng extract. The differentially expressed proteins are categorized into molecular function, biological process, and cell component by using GO annotation software (STRING version 10.0). ATP, adenosine triphosphate; NAD, nicotinamide adenine dinucleotide.Fig. 4

3.4. Enrichment of pathways in which the differentially expressed proteins participated {#sec3.4}
---------------------------------------------------------------------------------------

Nine KEGG pathways (*p* \< 0.05) were enriched from the dataset using STRING software (version 10.0) ([Fig. 5](#fig5){ref-type="fig"}). The most significant pathways for the differentially expressed proteins were metabolic pathways (10 proteins, *p* = 2.11 × 10^−7^) and hippo signaling pathway (3 proteins, *p* = 7.36 × 10^−5^), which are involved in potentiation of the antiaging process in flies. As to the "metabolic" pathways, six of 10 enriched proteins (ALF, CYC2, PTPS, VATA, ND75, and ENPD) were found to be up-regulated in RGE-treated *D. melanogaster*, whereas EST6, IDH3A, PRI2, and ADH were down-regulated. Regarding the "hippo" signaling pathway, most of the enriched proteins (1433Z and ACT6) were up-regulated in RGE-treated flies.Fig. 5Distribution of KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways in which the differentially expressed proteins participate. KEGG pathways are arranged in ascending order according to the *p* values. Dash line represents *p* = 0.01 or *p* = 0.05.Fig. 5

3.5. Validation of the selected differentially expressed proteins {#sec3.5}
-----------------------------------------------------------------

Expression levels of VATA, GPDA, HSP70, 1433Z, UCHL1, and ALF were confirmed using Western blotting ([Fig. 6](#fig6){ref-type="fig"}). Expression levels of VATA, HSP70, 1433Z, UCHL1, and ALF were significantly up-regulated in RGE-treated *D. melanogaster* versus wild type. Although GPDA expression appeared to be lower in RGE-treated flies, this was not significant. These results of Western blotting are consistent with those of the 2-DE MALDI-TOF MS/MS analysis.Fig. 6Relative expression levels of VATA, GPDA, HSP70, 1433Z, UCHL1, and ALF by Western blot analysis. (A) Western blotting in this study was performed in triplicate and the target protein bands were quantified by scanning densitometry using Image J processing software and normalized to the signal intensity of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). (B) The data are expressed as mean ± standard deviation and analyzed using Student *t* test. Statistical significance: \**p* \< 0.05; \*\**p* \< 0.01 (RGE-treated vs. wild type). 1433Z, 14-3-3 zeta; ALF, fructose-bisphosphate aldolase; GPDA, glycerol-3-phosphate dehydrogenase; HSP70, heat shock 70 kDa protein; UCHL1, ubiquitin carboxyl-terminal hydrolase; VATA, V-type proton ATPase catalytic subunit A.Fig. 6

4. Discussion {#sec4}
=============

Proteomic technology has become an indispensable and efficient tool in modern bioscience research, and this technology has been successfully used to study the mechanisms of traditional medicines by comparing the protein expression profiles. To our knowledge, this study is the first proteomic analysis for revealing the mechanisms of life span extension and antiaging on *D. melanogaster* treated with RGE.

In this study, *D. melanogaster* treated with RGE (1 mg/mL) extended the life span significantly compared to the wild type (*p* \< 0.01). Further results demonstrated that the effects of life span extension of RGE on *D. melanogaster* might be attributed to elevation of SOD levels, reduction in lipid peroxidation of MDA content, and a range of differently expressed proteins. Proteomic analysis detected 23 differentially expressed proteins in the RGE-treated *D. melanogaster* versus wild type: 16 up-regulated and 7 down-regulated. These proteins were found to involved in multiple biological processes and signaling pathways, such as hippo and oxidative phosphorylation signaling. Taken together, the results provided a scientific basis for the further exploitation of mechanisms of longer life span and/or antiaging altered by RGE in *D. melanogaster*.

Age-associated neurodegenerative disorders including Alzheimer\'s disease (AD) and Parkinson\'s disease (PD) are associated with multifactorial etiology [@bib14]. In this study, UCHL1, a ubiquitin ligase exclusively expressed in neurons, is up-regulated in RGE-treated *D. melanogaster* versus wild type. UCHL1 was shown to be involved in the pathophysiology of PD and AD [@bib15] and is elevated in AD patients [@bib16], AD mice [@bib17], and senescent C57BL/6J mouse pituitaries [@bib18] compared to controls. However, UCHL1 overexpression has been shown to delay AD progression *in vivo* [@bib19], and low levels have also been reported in *postmortem* brain tissue from AD patients [@bib20]. The increased expression level of UCHL1 protein by RGE treatment suggested that it may play important roles in antiaging and life span extension, and potentially neurodegenerative disorders. HSP70, which also showed increased expression in RGE-treated *D. melanogaster*, plays important protective roles in various neurodegenerative disorders [@bib21]. HSP70 is up-regulated in AD model mice compared to normal mice [@bib17], [@bib22]. Further studies are required to explore these mechanisms during the process of neurodegeneration, and RGE may offer new avenues for novel therapeutic approaches for the treatment of chronic neurodegenerative disorders that currently have no effective medication.

Oxidation impairs protein function as the proteins are unfolded leading to an increase in protein hydrophobicity. This often leads to the formation of toxic aggregates that interfere with normal cellular functions, which is a sign of the aging process and many age-related diseases. In this study, changes in the expression levels of HSP70 and UCHL1 (both up-regulated in RGE-treated *D. melanogaster*) could be a response to general age-derived cellular alterations, such as increasing oxidative burden, accumulation of damaged proteins, and elevated protein synthesis. At the molecular level, to ensure survival, cells have developed antioxidants to counteract this oxidative damage accumulation [@bib23]. It is wildly believed that HSP70 and UCHL1, which are responsible for the removal of damaged proteins, counteract the oxidative stress damage of proteins [@bib24]. HSP70 has also been shown to confer protection against the harmful effects of oxidative stress, as well as modulate the inflammatory status [@bib23]. Furthermore, the overexpression of HSP70 in mice muscle eliminated the age-related increase in posttranslational modifications of proteins [@bib25].

Ginseng can increase long-term resistance to stress and disease and therefore affects life span [@bib26]. Our study demonstrated an elevation of SOD and a reduction in lipid peroxidation of MDA content in *D. melanogaster* treated with RGE. In addition, three antioxidant-related proteins---HSP70, UCHL1, and ALF [@bib27], [@bib28], [@bib29]---in 2-DE results were identified by Western blotting and elevated in *D. melanogaster* induced by RGE. Previous studies reported that Korean Red Ginseng ameliorated oxidative tissue injury, provided an antiaging effect, and suppressed age-related renal injury [@bib9]. In addition, ginsenoside Rg1 improved cognitive ability and promoted neurogenesis by enhancing the antioxidant and anti-inflammatory capacity in the hippocampus [@bib30]. Therefore, the higher expression of the antioxidants HSP70 and UCHL1 in RGE-treated flies may facilitate slower aging progression and prolong life span.

HSP70 is an important molecular chaperone, which plays a key role in cell protection by assisting with protein homeostasis or protein quality control [@bib31], [@bib32]. In addition, aging has been related to impairment in activity and availability of HSP70 induction. Previous reports revealed that exogenous HSP70 protein can significantly enhance mouse life span [@bib33] and stimulate the growth of aged mesenchymal stem cells *in vitro* [@bib34]. Ginseng treatment increased expression of HSP70 in rats, which showed protected functions of neurological responses and memory ability [@bib35]. In the present study, we found an increased level of HSP70 in RGE-treated *D. melanogaster*, suggesting a protective role in aging and life span extension. Therefore, RGE might be considered a potential source to identify compounds that delay aging.

The hippo pathway is a signaling cascade that plays an evolutionarily conserved role in organ size control from Drosophila to humans by regulating cell proliferation, apoptosis, stem cell/progenitor cell fate determination, self-renewal control, and tissue architecture and renewal [@bib36], [@bib37], [@bib38]. Mutations of these genes lead to a common phenotype of tissue overgrowth and enlarged organ size in Drosophila eyes and wings [@bib39]. Hippo pathway components also mediated crosstalk with other pathways, for example, Wnt, TGF, and BMP pathways [@bib40]. In the present study, the differentially expressed proteins, 1433Z and ACT6, of the hippo pathway were up-regulated in *D. melanogaster* treated by RGE versus wild type. This may indicate a role in maintaining cellular health and tissue turnover, induced by RGE treatment.

V-type ATPase (VATA), an up-regulated protein in RGE-treated *D. melanogaster*, is categorized as a rotary ATP synthase/ATPase complex [@bib41]. ATP synthase is a key enzyme of mitochondrial energy conversion, and inhibition of ATP synthase may cause energy deprivation and increased reactive oxygen species production. A high reactive oxygen species content induces cellular necrosis and/or apoptosis [@bib42], [@bib43]. Because the oxidative phosphorylation pathway is induced (via both VATA and ND75 up-regulation) by RGE treatment, this may provide the energy for the antiaging process and life span extension.

5. Conclusions {#sec5}
==============

This is the first comprehensive study of *D. melanogaster* treated with RGE using a 2-DE-based quantitative proteomic approach. In this study, we found that RGE had longevity-enhancing effects on *D. melanogaster* by altering the expression of antioxidants and regulating by multiple pathways. Further studies are warranted to explore the novel molecular mechanisms underlying the antiaging effects and life span extension by treatment with red ginseng.
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[^1]: Mass ku (kDa)/p*I*, molecular mass and isoelectric point; score corresponding with two-dimensional gel electrophoresis gel as shown in [Fig. 2](#fig2){ref-type="fig"} or calculated by mass spectrum identification or PDquest software. In the table, increase means up-regulation in RGE-treated, compared to the wild type; decrease means down-regulation in RGE-treated, compared to the wild type

[^2]: RGE, red ginseng extract; MALDI-TOF MS/MS, matrix-assisted laser desorption/ionization-time of flight tandem mass spectrometry
